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Background: There is increasing interest in the use of robotic gait-training devices in walking rehabilitation of
incomplete spinal cord injured (iSCI) individuals. These devices provide promising opportunities to increase the
intensity of training and reduce physical demands on therapists. Despite these potential benefits, robotic gait-training
devices have not yet demonstrated clear advantages over conventional gait-training approaches, in terms of functional
outcomes. This might be due to the reduced active participation and step-to-step variability in most robotic gait-training
strategies, when compared to manually assisted therapy. Impedance-controlled devices can increase active participation
and step-to-step variability. The aim of this study was to assess the effect of impedance-controlled robotic gait training on
walking ability and quality in chronic iSCI individuals.
Methods: A group of 10 individuals with chronic iSCI participated in an explorative clinical trial. Participants trained three
times a week for eight weeks using an impedance-controlled robotic gait trainer (LOPES: LOwer extremity Powered Exo
Skeleton). Primary outcomes were the 10-meter walking test (10MWT), the Walking Index for Spinal Cord Injury (WISCI II),
the six-meter walking test (6MWT), the Timed Up and Go test (TUG) and the Lower Extremity Motor Scores (LEMS).
Secondary outcomes were spatiotemporal and kinematics measures. All participants were tested before, during, and after
training and at 8 weeks follow-up.
Results: Participants experienced significant improvements in walking speed (0.06 m/s, p = 0.008), distance (29 m,
p = 0.005), TUG (3.4 s, p = 0.012), LEMS (3.4, p = 0.017) and WISCI after eight weeks of training with LOPES. At the
eight-week follow-up, participants retained the improvements measured at the end of the training period. Significant
improvements were also found in spatiotemporal measures and hip range of motion.
Conclusion: Robotic gait training using an impedance-controlled robot is feasible in gait rehabilitation of chronic iSCI
individuals. It leads to improvements in walking ability, muscle strength, and quality of walking. Improvements observed
at the end of the training period persisted at the eight-week follow-up. Slower walkers benefit the most from the training
protocol and achieve the greatest relative improvement in speed and walking distance.
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Spinal cord injury (SCI) affects 10.4 [1] to 83 [2] per mil-
lion individuals per year (in developed countries), leading
to an estimated prevalence that ranges between 223 and
755 per million inhabitants [3]. Learning to walk again is a
major goal during SCI rehabilitation [4,5]. Generally, more
than 50 percent of patients have motor incomplete lesions
(iSCI) [3], of which around 75 percent regain some ambu-
latory function [6]. Still, many iSCI individuals experience
limited hip flexion during swing phase and insufficient
knee stability during the stance phase. Consequently, these
individuals walk slower and often remain reliant on assist-
ive devices. Over the last decades, many rehabilitation
strategies have been explored to improve functional out-
comes. Most are based on evidence suggesting that task-
specific and intensive training, consisting of repetitive
active movements and providing appropriate afferent feed-
back, engages spinal and supraspinal circuits, promoting
neural plasticity (cortical reorganization) and increasing
functional improvement [7-14].
Robotic gait-training devices have the potential to provide
training sessions that support these key components. These
devices reduce the labour-intensive demands on therapists
and their discomfort, compared to manually assisted body-
weight-supported treadmill training (BWSTT) [15]. They
also enable objective monitoring of a patient’s performance
and progress and reduce the between-trainer variability in
terms of the applied supportive forces [16]. In the last dec-
ade, different robotic gait-training devices have been devel-
oped that are also used for other motor impairments, like
stroke or multiple sclerosis. These robotic devices consist of
a driven exoskeleton orthosis, like the Lokomat (Hocoma
AG, Switzerland) or Auto/ReoAmbulator (HealthSouth/
Motorika, USA) that drives the hip and knee joint, or driven
footplates that facilitate a stepping motion like the Gait
Trainer (Reha-Stim, Germany), G-EO (RehaTechnologies)
or LokoHelp (LokoHelp Group, Germany).
Although these robotic gait-training devices have been
on the market for more than a decade, research on their
efficacy is still at an early and rather inconclusive state.
On the one hand several studies showed improvements
in walking ability between pre- and post-training in
acute and chronic iSCI individuals who trained with the
Lokomat [14,17-20] or Gait Trainer [19,21]. On the
other hand, only very few randomized controlled trials
(RCTs) [22-25] or other study designs [19,26], were per-
formed to investigate whether these improvements are
superior to those obtained using conventional ap-
proaches. Results from these studies, however, show
contradictory results. Recent reviews have also con-
cluded that robotic gait-training devices have not yet
demonstrated clear advantages over conventional gait-
training approaches in terms of effectiveness of training
[27-29].The limited effectiveness of the first-generation robotic
gait-training devices could be attributed to some inher-
ent limitations of these devices, which were mainly
position-controlled. This type of assistance may promote
“slacking”, where the user starts to rely on the robot to
perform the movement and reduces his muscular activ-
ity [30,31]. In iSCI individuals, position-controlled ro-
botic guidance, especially in individuals with some
ability to walk, has been shown to actually reduce vol-
itional activity (EMG and VO2) compared to therapist-
assisted BWSTT [25,32]. For motor learning in general,
active subject participation is considered a very import-
ant factor [33,34]. If, conversely, participants are encour-
aged to actively participate, they could be resisted by the
position-controlled robot, causing abnormal alternations
in muscle-activation patterns [35].
Another limiting factor of position-controlled robots is
that they reduce movement variability to a minimum
[36]. Kinematic variability, and the possibility to make
movement errors is necessary to (re)learn any new task
[37,38]. In this respect, traditional robotic gait-training
devices only partly meet the requirement for task-
specific, intensive, active, and variable training. In other
words, they do not resemble the manual assistance pro-
vided by a therapist who is likely to be compliant, motiv-
ational, and intuitively adaptive to the needs of the
individual and who inherently introduces a natural sense
of variability.
This situation demonstrates the need to develop and
improve control approaches that increase active partici-
pation and natural movement variability. This can be
achieved by only providing assistance when needed, and
not supporting the subject’s movements that are unim-
paired. Technical implementation of this strategy often
consists of controlling the interaction forces between the
robot and the patient. Generally, these control strategies
use a healthy control spatial path to define the desired
motion, in combination with a “virtual wall”/force field
that determines the amount of supportive force when
the individual deviates from the template (impedance
control). In some cases a “moving back wall” is intro-
duced to assist the timing of the stepping pattern
[39,40].
This kind of control strategy can overcome the main
criticisms against robot-aided gait training by making
the robot’s behaviour more flexible and adaptive to the
user’s needs. That is, the stiffness of the “virtual wall”/
force field can be adapted to the capabilities, progress,
and current participation of the user. This allows indi-
viduals to benefit from robot-aided treadmill training
throughout the different stages of their recovery. At the
initial stages of recovery, the robot can take charge (high
impedance), whereas at the concluding stages of recov-
ery, the user must contribute more to the prescribed
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user becoming reliant on the support, some robotic gait-
training devices use adaptive (“impedance shaping”) al-
gorithms that reduce the stiffness of the virtual wall
when kinematic errors are small [41,42]. Flexibility be-
tween steps and the possibility of making small move-
ment errors can be increased by lowering the impedance
levels or by creating a “virtual tunnel”, “dead band,” or
nonlinear force-field around the healthy control tem-
plate [39,40].
Lowering impedance levels might also increase motiv-
ation during training sessions. At lower impedance
levels, the user has more control over his gait pattern,
and additional effort/voluntary movement is reflected in
the gait pattern. This way, individuals are aware of their
increased activity, a sensation that can positively contrib-
ute to their active involvement. These types of control-
lers that 1) provide more freedom of movement, 2) only
focus on the impaired aspects of gait, 3) promote active
participation and 4) allow online modification of the
amount of assistance (either manually or automatically),
are referred to as “assist-as-needed” (AAN), “coopera-
tive”, “adaptive”, or “interactive” controllers [39-47].
Despite the potential of AAN strategies, the superiority
of this approach for iSCI individuals has not been demon-
strated. In animal studies, Cai et al. and Ziegler et al.
showed that AAN control algorithms allow more variation
between steps and result in larger walking recovery than
position-control algorithms [48-50]. Despite numerous ex-
perimental robotic gait-training devices that have been de-
veloped [51], very few of the new compliant-control
strategies have been tested on iSCI individuals in multises-
sion training protocols. In single-session experiments,
Emken et al. showed that iSCI individuals trained with
more variability when they used their “impedance-shaping
algorithm” [41]. Duschau-Wicke et al. evaluated their “pa-
tient-cooperative approach” in a single training session
and showed that iSCI individuals trained with larger kine-
matic variability, and with larger muscle activity, com-
pared to non-cooperative position-controlled training
[40]. Schück et al. evaluated this approach in a multises-
sion training protocol. They used the Lokomat to train
two iSCI (and two stroke) individuals for four weeks, with
four training sessions of 45 minutes per week, However,
they did not find a relevant increase in gait speed for iSCI
individuals [52].
Most studies on robotic gait training only assess walking
ability. They report functional outcome measures and
clinical scales, like walking speed (10-Meter Walking
Test), distance (Six-Minute Walking Test), or walking
ability (WISCI II). Only a few studies assess the effect of
robotic gait training on walking quality, in terms of spatio-
temporal and kinematic measures [23,25]. Assessment of
walking quality can provide useful insights into whethergait training restores walking function by restoration of
function (using more normal movement patterns) or by
compensatory strategies.
The aim of this study was to evaluate the feasibility and
effect of an eight-week, multi-session training protocol
using an impedance-controlled gait trainer. The effect of
training was assessed in terms of walking ability and walk-
ing quality. Individual assessments were used to determine
which individuals were most likely to benefit from the
training protocol. To evaluate if training effects were
retained post-training, we performed follow-up testing
eight weeks after completion of the training protocol.
Methods
Participants
Subjects with chronic, motor-incomplete SCI (iSCI)
were recruited from Het Roessingh Centre for Rehabili-
tation in Enschede, The Netherlands. Inclusion criteria
were iSCI sustained at least a half year prior to enrol-
ment, age above 18 years, a stable medical condition, a
physical condition that allows for three minutes of sup-
ported walking, the ability to bear their own body weight
while standing, not currently enrolled in gait training
therapy, and a stable dose of anti-spastic medicine dur-
ing the study. Exclusion criteria were current orthopedic
issues causing problems in walking or balance, the pres-
ence of other neurological disorders, a history of cardiac
conditions that interfere with physical load, the absence
of independent ambulation prior to SCI, chronic joint
pain and inappropriate/ unsafe fit of the robotic trainer
due to the participant’s body size (bodyweight > 100 kg)
and/or joint contractures. All subjects provided written
informed consent including permission for publication,
prior to admittance to the study. The study protocol was
approved by the local medical ethics committee, METC
Twente (Enschede, The Netherlands).
Experimental apparatus
Rehabilitation device
Gait training was done with the prototype of the LOPES
gait rehabilitation robot (Figure 1). LOPES consists of a bi-
lateral exoskeleton-type rehabilitation robot above an in-
strumented treadmill. It is lightweight and impedance
controlled using Bowden-cable-driven series-elastic actua-
tors. The exoskeleton offers a freely translatable (3D) pel-
vis, where the sideways and forward/backward motion is
actuated. Furthermore, it contains two actuated rotation
axes in the hip joints and one at the knee (abduction/ad-
duction of the hip and flexion/extension of hip and knee).
Passive foot lifters can be added to induce ankle dorsal
flexion, if required. An external bodyweight-support sys-
tem can relieve a definable percentage of body weight via
a harness. A more detailed description of the exoskeleton
design is presented in [53].
Figure 1 LOPES robotic gait trainer.
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In this study, the amount of assistance that the participant
receives is proportional to the deviation from a template
or “reference walking pattern”. This reference walking pat-
tern is derived from speed-dependent walking patterns in
healthy participants. Details about the derivation of these
reference patterns can be found in [54]. This method was
implemented such that, when the therapist changed the
treadmill speed, the joint trajectories were automatically
adjusted to that specific walking speed (Figure 2).
The amount of robotic support was adjusted by chan-
ging the stiffness of the impedance controller. The imped-
ance levels were set to a participant-specific percentage of
the maximum stiffness that could be controlled by the
LOPES (300 Nm/rad). In this study, the same percentage
was used for hip and knee joints and for the left and rightFigure 2 Hip and knee reference trajectories for the different
walking speeds.leg. To enable the participant to stay in control of his ca-
dence, the reference walking pattern is not replayed as a
function of time but is synchronized to the cadence of the
participant [43].
Training protocol
Subjects participated in an eight-week training program.
Participants trained three times per week, for a max-
imum of 60 minutes per session. The training period
was divided in two four-week periods, with one week
scheduled for clinical tests in between. During training
sessions, rest intervals were introduced if required by
the participant or suggested by the therapist. The first
training session was used to 1) fit the LOPES to the sub-
ject, 2) let participants get used to walking in the device
and 3) select their preferred walking speed.
To fit the LOPES to the subject, different anthropo-
metric measurements were taken to adjust the exoskel-
eton segment lengths. Next, the subject was positioned
into the LOPES and the trunk and lower extremities
were secured. Three adjustable cuffs (one at the thigh,
two at the shank) attached the lower extremities to the
LOPES frame. Final adjustments were made to the cuffs
to align the subject’s hip and knee joints with the axes of
the exoskeleton joints. Bodyweight support was set at a
minimal amount for each participant, preventing exces-
sive knee flexion during stance phase or toe dragging
during swing phase. Foot lifters were used in case of in-
sufficient ankle dorsal flexion during swing phase.
During all training sessions, the LOPES operator was
paired with an experienced physical therapist. Over the
training period, different parameters were adjusted to in-
crease training intensity. Walking speed was the first
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the total training time per session was increased and BWS
levels were decreased. To promote active patient partici-
pation, the impedance levels of the LOPES were reduced
when possible. This controller could vary between very
stiff (robot-in-charge) to very flexible (patient-in-charge).
Lower impedance levels also allowed more variability in
the stepping trajectory (Figure 3) [41].
Adjustments of training parameters were done by the
physical therapist based on the quality of walking (ad-
equate step height during swing phase and adequate knee
stability during stance phase), current physical condition
(observation of breathing rate and degree of transpiration),
and motivation (as verbally indicated by the participant).
All changes were made in agreement with the participant.
All training parameters were stored for later analysis.
Outcome measures
Primary outcome measures
To assess changes in muscle strength and walking abil-
ity, clinical tests were performed before (pre), duringFigure 3 Typical example of hip and knee reference trajectories and a
using different impedance levels. Increasing the impedance levels result
in the movement variability between steps. Here, the reference knee angle
(since the healthy subject is expected to walk according to the healthy refe(mid), and after (post) eight weeks of training. To exam-
ine whether the training effects were retained, we also
performed a follow-up eight weeks after the completion
of the training protocol.
Walking speed was measured using the 10-Meter
Walk Test (10MWT). Participants were instructed to
walk in a straight line at their own comfortable speed.
Distance/endurance was tested with the Six-Minute
Walk Test (6MWT), where participants ambulated for
six minutes at their self-selected speed. The Timed Up
and Go (TUG) test assessed the combination of balance
during walking, gait speed, and sit-to-stand transitions.
In this composite test, the patient must get up from a
chair, walk 3 meters, return, and sit down again. For
these three tests, participants were permitted to use
braces and walking devices. The Walking Index for
Spinal Cord Injury II (WISCI-II) was used to quantify
the amount of assistance required during over-ground
ambulation and to assess the use of assistive devices
and/or orthoses. Category 0 indicates the participant
could not walk or stand and category 20 indicates thectual joint trajectories for a healthy subject walking at 2 km/h
s in a closer approximation of the reference trajectory and a reduction
is enlarged by 10 percent to ensure that the robot provides support
rence trajectory).
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or use of assistive devices. All of these measures were
taken according to van Hedel et al. [55]. Muscle strength
was determined by the Lower Extremity Motor Scores
(LEMS), utilized by the American Spinal Injury Associ-
ation (ASIA). The strength of five key muscles are
graded from 0 to 5 (0 indicates absence of muscle con-
traction and 5 is a normative active movement with full
range of motion against full resistance). The cumulative
score for lower extremities is between 0 and 50 [56]. All
measures were recorded by an experienced physical
therapist, not involved in the training.
Secondary outcome measures
To assess changes in gait quality, kinematic data and spa-
tiotemporal measures were taken pre- and post-training.
Gait kinematics were recorded using an optical tracking
system, consisting of six infrared cameras (Vicon PlugIn
Gait Model, VICON, Oxford Metrics, Oxford, UK) and re-
flective markers. Participants walked at their preferred
speed across a 7-meter walkway approximately 10 times
and were allowed to rest between rounds. Kinematic data
from right and left limbs of each participant were ex-
tracted and averaged over at least 10 steps, using custom-
written software (MATLAB, Mathworks Inc., Natick, MA,
USA). The use of assistive walking devices and orthotic
devices for safe over-ground walking was allowed (and
kept constant during the pre- and post-measurements).
A total of nine parameters were extracted from the kine-
matic data: walking speed, cycle time, step symmetry index,
step length, step width, relative stance phase duration, max-
imum knee flexion during the swing phase, range of motion
(ROM) of the knee during the stance phase (initial- and
mid-stance) and hip ROM. These parameters were used for
comparison between pre- and post-training.
Cycle time was defined as the time between two con-
secutive heel strikes of the same leg. Range of motion of
the knee during the stance phase was used to assess
knee stability during the stance phase. Step width was
determined as a measure of gait stability [57]. The step
symmetry index was calculated according to equation 1.
SI ¼ SLs−SLw
0:5 SLsþ SLwð Þ ⋅100% ð1Þ
SLs represents the step length of the stronger leg and
SLw the step length of the weaker leg. Here, a symmetry
index of zero indicates perfect symmetry between the
two legs. Similarly to Nooijen et al. [23], the stronger leg
was defined as the leg that, on average, made the largest
steps during the pre-test. In all participants, the weak leg
during the pre- and post-training remained the same.
The step length, relative stance phase duration, max-
imum knee flexion during the swing phase, ROM of theknee during the stance phase and the hip ROM were also
separately calculated for the weaker and stronger leg.
Statistics
Measurements of walking ability were assessed pre-,
mid-, and post-training and at follow-up. Because of
the lack of normally distributed data (determined by
Shapiro-Wilk test) and the relatively small number of
participants, nonparametric statistical tests were used to
detect changes throughout the training period. Statistical
analysis was done on the absolute values for all measure-
ments. To assess the effect of the training protocol on
functional outcome (10MWT, 6MWT, WISCI II, TUG
and LEMS), the Friedman analysis of variance by ranks
was used, with P < 0.05. Post-hoc comparisons were per-
formed using the Wilcoxon signed-rank test and a
Bonferroni correction to account for multiple compari-
sons (P < 0.017). To assess retention of the functional
level at follow-up, a Wilcoxon signed-rank test was per-
formed to detect changes between post-training and
follow-up with significance P < 0.05. Spearman corre-
lation coefficients were calculated to identify possible
correlations between the initial performance on the
walking ability tests and the absolute change in these
measures (P < 0.05). Measurements of walking quality
(kinematic and spatiotemporal measures) were only
assessed pre- and post-training. Changes in walking
quality between pre- and post-training were determined
with the Wilcoxon signed-rank test (P < 0.05). All statis-
tical tests were performed with SPSS Statistics (IBM
Corp., Armonk, NY, USA).
Results
Participants
A total of 12 participants with iSCI were included. Par-
ticipant characteristics are listed in Table 1. Two partici-
pants dropped out (subjects 6 and 12). They did not
complete the training due to medical reasons not related
to the gait training.
Training parameters
Over the eight-week period, a mean number of 20.2
(range, 18- 24) training sessions were completed by the
10 participants. Due to reasons unrelated to the gait
training, some participants had to cancel some training
sessions. The average time ambulated during a session
increased from 14.5 (± 6.1) minutes at the start of the
training protocol to 22.7 (± 18.2) minutes at the end.
Gait speed increased from 0.43 to 0.58 m/s. BWS was
only used in five participants, and decreased from 8.5
percent to 7.4 percent. The average impedance levels/
support levels decreased from 56.9 percent to 37.4 per-
cent. Individual changes in the training parameters over
the course of the training period are shown in Figure 4.
Table 1 Descriptive information of participants
Subject Age Gender Motor level
of injury*
ASIA
class
Post- injury
time (months)
1 37 F Th9 C 14
2 50 M Th4 D 22
3 29 F L2 B** 36
4 60 F Th1 C 16
5 48 F L2/Th12 D 122
6*** 61 M C5 D 14
7 56 F L1/L2 C 14
8 31 M C5 C 120
9 63 M C3/C2 C 16
10 46 F C5 D 41
11 51 M Th12 D 62
12*** 53 M Th12 C 84
Mean 48,75 ±11.3 46,75 ± 41.03
*Levels separated by a “/” indicate a difference in right and left level of injury.
It is noted Right/Left.
**Diagnosed with a cauda equine syndrome.
***Dropouts.
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Training period
The Friedman analysis showed a significant training ef-
fect in all walking ability and strength scores (Table 2).
Subsequent, post-hoc pairwise comparisons between the
different evaluation periods showed that significantFigure 4 Training parameters as a function of the training duration. T
start of training, 100 percent completion of training). Training duration refe
and rest periods). Support levels are expressed as a percentage of the max
BWS was only required in five of the 10 participants. The bars indicate the
the training (0-10 percent) and at the end of the training period (90-100 peimprovements were primarily found between pre- and
post-training. The post-hoc test between pre- and post-
training revealed that eight weeks of training with
LOPES resulted in significant improvements in walking
speed (10MWT), distance (6MTW), TUG score, and
LEMS (Table 2). No significant difference was found for
the WISCI II score between pre- and post-training.
Figure 5 shows the individual changes in the primary-
outcome measures at the different evaluation periods.
Follow-up
All participants retained the functional level reached at
completion of their training. No significant differences
were found between follow-up and post-training in any
of the primary outcome measures (Table 2).
Relationship between initial impairment levels and
absolute increase
There were no significant correlations between the ini-
tial performance on walking ability tests and the abso-
lute increase in test performance. Still, for walking speed
and distance, for example, assuming an equal increase in
absolute performance suggests that slower ambulators
experience the greatest relative improvement. Indeed,
the relative improvement in 10 MWT (ρ = -0.68, p =
0.04) and 6 MWT (ρ = -0.79, p = 0.01) showed a signifi-
cant negative correlation with the initial score on these
tests. The initial score on the TUG, WISI-II and LEMSraining sessions are normalized to the total training time (0 percent
rs to the actual total training time per session (excluding setup time
imum stiffness that could be controlled by the LOPES (300 Nm/rad).
mean training parameters, averaged across participants, at the start of
rcent). The error bars indicate the standard deviation.
Table 2 Statistical results primary outcome measures
Post-hoc comparison
Improvement in %
of subjects (pre-post)
Pre mean
(median)
Post mean
(median)
Main effect of
time p
Pre-mid p Mid-post p Pre-post p Post-follow
up p
Walking speed (m/s) 90 0.61 (0.64) 0.67 (0.67) χ2(2) = 8.7 0.013* 0.411 0.023 0.008* 0.797
Walking distance (m) 100 184.4 (184) 212.9 (216) χ2(2) = 12.8 0.002* 0.022 0.012* 0.005* 0.507
TUG1 (s) 100 19.5 (14.5) 16.1 (12.4) χ2(2) = 10.8 0.005* 0.017* 0.208 0.012* 0.779
WISCI-II 30 13.5 (13) 14.4 (14.5) χ2(2) = 6.5 0.039* 0.046 0.317 0.083 0.157
LEMS 90 34.4 (34.5) 37.8 (39) χ2(2) = 6.9 0.032* 0.210 0.258 0.017* 0.365
*Significant difference.
1The TUG was assessed in eight of 10 participants. Participants 7 and 9 were unable to stand up from the chair independently during the entire study.
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in the corresponding score.
Secondary outcome measures
Significant changes were observed in most spatiotempo-
ral parameters (Table 3). The maximum knee flexion
during swing, the knee ROM during the stance phase,
and the step width did not show significant changes. For
the step length and hip ROM, the mean changes inFigure 5 Primary outcomes. Measurements of walking ability were assess
measured for subject 7 and 9. The bars indicate the mean clinical measure
the standard deviation.the weak leg exceeded the changes observed in the
strong leg.
Participant 7 was excluded for analysis of kinematic
and spatiotemporal data because of the use of orthotic
devices, limiting accurate 3D kinematic data collection.
Discussion
The aim of the present study was to examine the effects
of an eight-week training program on the walking abilityed pre-, mid-, and post-training and at follow-up. TUG could not be
s, averaged across participants, at each period. The error bars indicate
Table 3 Statistical results secondary outcome measures
Increase in % of
subjects (pre-post)
Pre mean
(median)
Post mean
(median)
Pre-post p
Walking speed (m/s) 89 0.49 (0.57) 0.56 (0.64) 0.015*
Cycle time (s) 11 2.24 (1.79) 2.04 (1.58) 0.032*
Step symmetry index (%) 22 8.46 (6.92) 4.38 (3.28) 0.021*
Step width (m) 33 0.11 (0.11) 0.10 (0.11) 0.114
Step length (m) Strong and weak 89 0.44 (0.44) 0.47 (0.44) 0.017*
Strong 78 0.46 (0.46) 0.48 (0.47) 0.027*
Weak 100 0.42 (0.42) 0.46 (0.44) 0.007*
Rel. stance phase duration (%) Strong and weak 11 74.5 (70.6) 72.3 (68.8) 0.011*
Strong 11 74.6 (71.2) 73.0 (69.6) 0.028*
Weak 0 74.4 (70.6) 71.5 (68.4) 0.008*
Maximum knee flexion (swing) (deg) Strong and weak 56 48.6 (49.1) 48.4 (48.9) 0.859
Strong 56 49.3 (48.5) 50.7 (51.2) 0.314
Weak 33 47.8 (52.2) 46.0 (47.9) 0.374
Knee ROM (initial and mid stance) (deg) Strong and weak 67 22.5 (21.0) 23.5 (23.2) 0.441
Strong 78 23.6 (26.8) 26.0 (22.8) 0.110
Weak 67 21.5 (19.2) 21.8 (14.8) 0.953
Hip ROM (deg) Strong and weak 100 36.7 (34.9) 38,8 (38.9) 0.008*
Strong 67 37.0 (38.2) 39.0 (37.5) 0.051
Weak 89 36.4 (34.5) 38.7 (40.3) 0.011*
*Significant difference.
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control strategy. In this study, we used a prototype of
the LOPES gait trainer. The training protocol was toler-
ated well by all 10 participants and was performed with-
out difficulties for eight weeks. Participants improved
significantly on functional outcomes, muscle strength,
kinematics, and spatiotemporal measures after eight
weeks of LOPES training. Subsequent follow-up evalua-
tions revealed that participants retained their training-
induced functional improvements. The main improvement
in kinematics occurred at the hip. The range of motion of
the hip joint increased, whereas the different measures for
the knee joint were unaffected by the training protocol.
Participants with the most limited initial walking function
showed the largest relative improvements.
Functional outcomes
Our main findings were a significant functional improve-
ment and an increased muscle strength. Comparing our
results with those of others is hampered because of dif-
ferences in robotic devices, protocols, patient character-
istics, outcome measures and the number of individuals.
Furthermore, most robotic gait-training devices are rap-
idly evolving with increasing functionalities, making ro-
botic gait-training strategies hard to categorize.
We found significant changes in 10MWT, 6MWT, and
TUG performance that were relatively small comparedto other studies (Table 4). A likely explanation for this
difference is the included participants. Both Alcobendas
et al. [24] and Benito-Penalva et al. [19] included acute
iSCI individuals. Benito et al., who included a very wide
range of participants, showed that the greatest rate of
improvement was seen when training started early in re-
habilitation, defined as less than six months post-injury
[19]. It is very likely that the improvements in these par-
ticipants are partly due to underlying spontaneous re-
covery [58], rather than therapy effects. These findings
agree with other pilot studies, showing that individuals
with the smallest time since onset of injury show the
largest improvements in over-ground walking ability
[14,17,21]. Additionally, most studies that include sub-
acute iSCI individuals also allow their participants to re-
ceive additional gait-related therapies [19,20,24], whereas
these therapies for chronic individuals have stopped, ef-
fectively increasing the intensity of the training protocol.
From the studies including chronic iSCI individuals,
Nunen et al. [20] reported similar improvements in walk-
ing speed. Wirz et al. [18], who also included only chronic
iSCI survivors, observed larger improvements in walking
speeds. Possible explanations for their higher gains are a
greater number of training sessions (26 vs. 20), longer ses-
sion durations (45 vs. 19 min), and lower initial walking
speeds (0.38 vs. 0.61 m/s). A lower initial walking speed
possibly allows more room for improvement. Although
Table 4 Overview of studies using robotic gait training in patients with spinal cord injury
Participants time since onset device Training parameters
(average number of sessions)
10 MWT Speed
(m/s) (pre – post)
6 MWT Distance
(mtr) (pre – post)
TUG (sec)
(pre – post)
WISCI II
(pre – post)
LEMS (pre – post)
Wirz et al., 2005 [18] N = 20 (4) Chronic Average: 70.8 months
Lokomat
8 weeks; 45 min; 3-5 ×/wk;
(26 sessions)
0.38 – 0.49* 121 – 165* 61 – 36* No significant.
increase
32 – 35* (N=10)
Field-Fote et al,
2011 [22]
N = 14 Chronic ≥ 12 month N = 14 Lokomat 12 weeks; 45 min; 5 ×/wk;
(49 sessions)
0.17 – 0.18 50.4 – 53.7 - - Left leg 12.7 – 13.9
Right leg 12.9 – 14.1*
Alcobendas-Maestro
et al. 2012 [24]
N = 37 (23) Sub-acute Average: 4 months
Lokomat
8 weeks; 30 min; 5 ×/wk;
(40 sessions)
0.3 – 0.4 110 -169 - 4 – 16 33 – 40
Benito-Penalva et al.
2012 [19]
N = 105 Sub-acute <6 month N = 81
6-12 month N = 8 >12 month N = 16 Lokomat
(N = 39), GT (N = 66)
8 weeks; 45 min; 5 ×/wk;
(40 sessions)
0.08 – 0.26* - - 4.0-9.2* 22.1-30.6*
Van Nunen et al.
2013 [20]
N = 18 (9) Sub-acute and chronic <12 month
N = 7 >12 month N = 11 Median: 28.8 months
12 weeks; 60 min; 2 ×/wk;
(24 sessions) (20-45 min)
0.09-0.15* - No significant.
Increase (N = 6)
No significant.
increase
-
Fleerkotte et al. N = 10 Chronic Average: 45.3 months 8 weeks; 60 min; 3 ×/wk;
(20 sessions) (19 min)
0.61 – 0.67* 184.4 – 212.9* 24.4 – 20.2* 13.5 – 14.4 34.4 – 37.8*
*Indicates a significant change.
N indicates the number of participants, (..) the number of individuals initially unable to walk over the full 10 m walkway.
Median, mean.
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participants with initial walking speeds around 0.4 m/s
show the largest improvements in walking speeds. There-
fore, it seems reasonable to assume that the greater effect
sizes found by Wirz et al., can be explained by the initial
functional level of their participants [18]. Field-Fote et al.
[22], who trained chronic iSCI individuals with very low
initial walking speeds, did not find any significant effects
of robotic gait training on walking speed. Apparently, iSCI
individuals must have a certain level of initial walking
speed/function to benefit from robotic gait training.
Although the Friedman analysis showed a significant
training effect on the WISCI II score, there was no sig-
nificant improvement in WISCI II scores between pre-
and post-training. This is in line with other studies,
taking into account the types of participants. It is known
that the WISCI II is more sensitive in monitoring recov-
ery of walking capacity in iSCI subjects during the acute
stage of recovery rather than the chronic stage [59].
Similar to Wirz et al. [18], Nunen et al. [20] and others
[14,17,21], we did not find effect in the WISCI II score
in chronic individuals, whereas Alcobendas et al. [24]
and Benito-Penalva et al. [19] reported significant in-
creases in acute patients. Improvement in LEMS scores
are similar to the results found in other studies among
chronic iSCI individuals [18].
Retention
Follow-up measurements revealed that participants in
our study retained the level of functional improvement
measured at the end of the training period. Studies on
robotic gait training in iSCI individuals rarely include a
follow-up. Field–Fote et al. did perform a follow-up
among 10 individuals whose improvements exceeded
0.05 m/s to assess their retention of relearned gait abil-
ities [22]. They concluded that walking speeds declined
between the conclusion of the training and follow-up,
but remained above pre-training levels. However, their
follow-up group included only two chronic iSCI partici-
pants who received robotic gait training, hampering a
fair comparison.
It is important to note the timing of follow-up, which
was, on average 20.3 months in their study and only
eight weeks in ours. Although Field-Fote et al. did not
find a correlation between time since the conclusion of
training and the decline in walking speed, it seems likely
that participants lose some of their relearned walking
abilities over time, especially if they do not exploit their
relearned walking abilities in daily life [60,61].
Spatiotemporal and kinematic measures
To our knowledge, this is the first study reporting sig-
nificant changes in spatiotemporal and kinematic mea-
sures associated with increased walking ability due torobotic gait training. We found significant changes in
most spatiotemporal and kinematic measures after
robotic gait training. Previous studies showed small in-
creases in cadence, step and stride length, and step-
length symmetry [23] or sagittal plane excursions [25],
but these were not significant. In this study, most of
these measures were significantly higher after training. It
is important to note that Nooijen et al. [23] and Hornby
et al. [25] used the LOKOMAT without the option to
decrease guidance forces, as this option was unavailable
on the device at the time of their study. Although both
studies encouraged participants to "walk with the ma-
chine", they both state that constant guidance may
minimize the voluntary effort during training and subse-
quently limit improvements in gait function.
In this study, improvements in spatiotemporal and
kinematic measures were greater in the weaker leg. The
larger improvements in step length and hip ROM in the
weaker leg resulted in significant increases in symmetry
between the two legs. This may indicate that gait train-
ing restores walking function by restoration of function
using more normal movement patterns, rather than
compensation.
Improvements in walking speed were caused by im-
provements in step length as well as cadence. The in-
creased walking speed might explain some of the
observed changes in other spatiotemporal measures.
Here, the increase in walking speed probably explains
the decrease in stance phase duration [62] and the de-
crease in step width [63]. Whether the increased hip
flexion is enabled by an increased hip flexion strength
(mean increase in LEMS score of 3,4), or is simply a
consequence of the increased walking speed [64] cannot
be answered.
Intensity
Most current rehabilitation strategies focus on recovery
through intense practice of a specific task. In BWSTT
training, intensity depends on a combination of duration
(time or number of steps), speed, training frequency,
and the amount of BWS. In this study training intensity
was maximized by increasing training speed and dur-
ation, and lowering the BWS levels when possible. With
the development of robotic gait trainers that can poten-
tially support the whole movement, the amount of ro-
botic support is also an important parameter that affects
training intensity. Often the precise setting of these pa-
rameters is based on a therapist’s clinical judgment and
not on experimental evidence [22]. For some parame-
ters, the effects on training outcome are known, but for
many they are not. Furthermore, the interaction among
the different parameters is not being investigated. For
example, reducing the amount of BWS and training at
higher treadmill speeds increases efferent input. This is
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gested to promote functional recovery [11,65]. Still, the
interactive effect of BWS and walking speed in individuals
following SCI is unknown. Also the tradeoff between
training duration and frequency remains unknown.
For robotic gait training, the optimal amount of sup-
port also remains unclear, although reducing the amount
of support according to the AAN principle seems most
suitable. Here, one might follow the concepts provided
in the “Challenge-Point Framework” [66]. This frame-
work states that, for each skill level, there exists an opti-
mal level of task difficulty. When skill levels increase,
further learning will be best facilitated by increasing task
difficulty. In this study, task difficulty was increased by
lowering impedance levels.
To gain a better understanding of the combined effect
of training duration, speed, frequency, the amount of
BWS and robotic support levels, these intensity parame-
ters should be carefully reported in future studies [67].
For example, average walking speed and BWS levels in
the robotic device are rarely reported in robotic gait-
training studies. Additionally, often only the total session
duration is reported, which does not represent the actual
training time (excluding setup time and rest periods).
With the increasing interest in robotic gait-training de-
vices that have (adaptive) impedance levels, it is also ad-
vised to report impedance levels of the robot.
Among the different robotic gait-training studies, there
is a great diversity in training frequency, ranging be-
tween three to five sessions per week, and duration, ran-
ging from 30-45 minutes per session (Table 4). These
parameters are often based on financial and practical
reasons [20]. In this study, training frequency fell within
this range but the mean training duration (19 minutes)
was considerably lower. The relatively low training dur-
ation is thought to be the result of the use of the imped-
ance control. By lowering the impedance levels when
possible, the active contribution required from partici-
pants was relatively high. As a result, some participants,
especially the slowest walkers, could not train for the
same duration as seen in other position-controlled gait-
training studies. Still, we showed that similar gains in
walking ability can be accomplished with less training
time. Actually, the biggest gains in walking ability were
observed in slow walkers with the lowest training dur-
ation, suggesting that active participation is equally im-
portant as training duration.
Clinical relevance
In this study, 90 percent of participants increased their
walking speed on the 10MWT, 100 percent increased
their distance on the 6MWT and 100 percent reduced
their time on the TUG. Although this resulted in an
average significant change of 0.6 m/s, 29 m and 3.4 s(Figure 5), it should be noted that there was consider-
able variation among subjects. Whether these improve-
ments represent a detectable (and clinically relevant)
change is debatable. The minimally detectable change
(MDC), which defines the minimal amount of change
required to distinguish (with 95 percent confidence) a
“true” performance change from a change due to vari-
ability in performance or measurement error, is reported
to be around 0.13 m/s, 45.8 m, and 10.8 s [68]. Criteria
for what clinicians define as “clinically relevant” or
“meaningful” can be even higher. Although MDC cri-
teria for detecting “true” improvements are conservative,
according to them, only one participant showed a “true”
improvement on the 10MWT, 6MWT and TUG tests.
Still, small gains in functional improvement that can
lead to reduced reliance on assistive devices could be of
great personal relevance to these individuals [69].
Limitations and future perspectives
The major limitation of this study is the lack of a control
group. The rationale for not including a control group
was that at this stage a pilot study was set up to assess
the possible effect of impedance-controlled robotic gait
training, how well it can be applied, the utility of the
outcome measures chosen and the variability in patient
responses [67]. It was not intended to afford a basis on
which to claim that this kind of training can produce
greater functional improvements than those achieved
through manually assisted gait training or other forms of
conventional therapy. It only shows that chronic iSCI in-
dividuals still have the capacity to improve their walking
function when provided with an intensive robotic gait-
training program.
Patients and therapists will probably benefit the most
from robotic gait-training devices during acute stages of
recovery [19]. Still, in this study, all participants were
chronic individuals. We included chronic individuals
(>12 months) because they typically have reached a
stable level of recovery [59]. The average time since on-
set was 46 months, suggesting that observed improve-
ments can be attributed to the intervention rather than
spontaneous recovery. That the participants reached a
stable level of recovery was also confirmed by a lack of
correlation between the time since onset of the injury
and the relative (or absolute) increases in walking speed.
Thus, to investigate the true potential of impedance-
controlled gait training, acute and sub-acute individuals
should also be included in future studies. However, these
trials will require larger patient numbers to reach signifi-
cance due to the potential for underlying spontaneous
recovery [58].
Apart from time since injury [19,20,58,69,70], previous
studies also showed that ASIA levels [6,19,69,71], LEMS
scores [25,71,72] (for recent injuries, for chronic results
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tinguishing factors for the degree of ambulatory capacity
after gait rehabilitation. Several studies purely focus on in-
creased walking speed, which is considered to be closely
related to functional ambulation [74]. Patients who start
rehabilitation programs early after injury, have higher
ASIA/LEMS/sensory scores, or are younger generally
show greater improvements. Factors like ethology, levels
of injury, or sex seem to be less predictive [19,71]. Because
of the relatively small number of participants in this study,
we did not perform an analysis to relate clinical improve-
ment to patient characteristics. Future studies should care-
fully document these characteristics, or stratify study
participants, to determine which iSCI sub-population re-
sponds better to robotic gait training. These predictors
might be different for robotic gait training where age or
sensation, for instance, do not seem to have a clear effect
on functional outcomes [19,70].
Conclusions
This first explorative study using an impedance-controlled
robotic gait trainer shows significant improvements in
functional and qualitative walking parameters after an
eight-week training program in chronic iSCI individuals.
We were able to provide task-specific and intensive
training sessions, even for severely affected individuals,
with a minimal workload on the therapist. Compared to
position-controlled robotic gait-training strategies, the
training duration was relatively short, whereas improve-
ments in functional outcomes were similar. Additionally,
improvements observed at the end of the training period
persisted at the eight-week follow-up. The most impaired
ambulators, based on their initial walking speed, benefitted
most from the training protocol in relative improvements
in walking speed and walking distance.
Competing interest
The authors declare they have no competing interests.
Authors’ contributions
BF was involved in the study design, conducting the measurements and
experiments, the analysis, and the writing of the manuscript. BK carried out
the experiments, collected and analyzed data, and wrote the manuscript. JB
and EA contributed to the design and revision of the manuscript. HK and JR
participated in the revision of the manuscript. All authors read and approved
the final manuscript.
Acknowledgments
This study was supported by a grant from the Dutch Ministry of Economic
affairs and Province of Overijssel, the Netherlands (grant: PID082004). We
would like to thank Martijn Postma, Bram van Gemeren, and Leontien
Zonnevijlle, from Het Roessingh, Centre for Rehabilitation, for their assistance
during the experiments and their experience in treadmill training.
Author details
1Roessingh Research and Development, Enschede, The Netherlands.
2Institute for Biomedical Technology and Technical Medicine (MIRA),
Department of Biomechanical Engineering, University of Twente, Enschede,
The Netherlands. 3Department of Biomechanical Engineering, Delft Universityof Technology, Delft, The Netherlands. 4Department of Rehabilitation,
Medisch Spectrum Twente, Enschede, The Netherlands.
Received: 1 March 2013 Accepted: 14 February 2014
Published: 4 March 2014References
1. van Asbeck FW, Post MW: An epidemiological description of spinal cord
injuries in The Netherlands in 1994. Spinal Cord 2000, 38(7):420–424.
2. Warren S, Moore M, Johnson MS: Traumatic head and spinal cord injuries
in Alaska (1991-1993). Alaska Med 1995, 37(1):11–19.
3. Wyndaele M, Wyndaele JJ: Incidence, prevalence and epidemiology of
spinal cord injury: what learns a worldwide literature survey? Spinal cord
2006, 44(9):523–529.
4. Anderson KD: Targeting recovery: priorities of the spinal cord-injured
population. J Neurotrauma 2004, 21(10):1371–1383.
5. Ditunno PL, Patrick M, Stineman M, Ditunno JF: Who wants to walk?
Preferences for recovery after SCI: a longitudinal and cross-sectional
study. Spinal Cord 2008, 47(3):500–506.
6. Burns SP, Golding DG, Rolle WA, Graziani V, Ditunno JF: Recovery of
ambulation in motor-incomplete tetraplegia. Arch Phys Med Rehabil 1997,
78(11):1169–1172.
7. Behrman AL, Bowden MG, Nair PM: Neuroplasticity after spinal cord injury
and training: An emerging paradigm shift in rehabilitation and walking
recovery. Phys Ther 2006, 86(10):1406–1425.
8. Harness ET, Yozbatiran N, Cramer SC: Effects of intense exercise in chronic
spinal cord injury. Spinal Cord 2008, 46(11):733–737.
9. van Hedel HJA, Dietz V: Rehabilitation of locomotion after spinal cord
injury. RestorNeurol Neurosci 2010, 28(1):123–134.
10. Hubli M, Dietz V: The physiological basis of neurorehabilitation - locomotor
training after spinal cord injury. J Neuroeng Rehabil 2013, 10(1):5.
11. Dietz V, Muller R, Colombo G: Locomotor activity in spinal man:
significance of afferent input from joint and load receptors. Brain 2002,
125:2626–2634.
12. Edgerton VR, Leon RD, Harkema SJ, Hodgson JA, London N, Reinkensmeyer
DJ, Roy RR, Talmadge RJ, Tillakaratne NJ, Timoszyk W, Tobin A: Retraining
the injured spinal cord. J Physiol 2001, 533:15–22.
13. Barbeau H, Nadeau S, Garneau C: Physical determinants, emerging
concepts, and training approaches in gait of individuals with spinal cord
injury. J Neurotrauma 2006, 23(3):571–585.
14. Winchester P, McColl R, Querry R, Foreman N, Mosby J, Tansey K, Williamson
J: Changes in supraspinal activation patterns following robotic
locomotor therapy in motor-incomplete spinal cord injury. Neurorehabil
Neural Repair 2005, 19(4):313–324.
15. Freivogel S, Schmalohr D, Mehrholz J: Improved walking ability and
reduced therapeutic stress with an electromechanical gait device.
J Rehabil Med 2009, 41(9):734–739.
16. Galvez JA, Budovitch A, Harkema SJ, Reinkensmeyer DJ: Trainer variability
during step training after spinal cord injury: implications for robotic
gait-training device design. J Rehabil Res Dev 2011, 48(2):147–160.
17. Hornby TG, Zemon DH, Campbell D: Robotic-assisted, body-weight-supported
treadmill training in individuals following motor incomplete spinal cord injury.
Physical therapy 2005, 85(1):52–66.
18. Wirz M, Zemon DH, Rupp R, Scheel A, Colombo G, Dietz V, Hornby TG:
Effectiveness of automated locomotor training in patients with chronic
incomplete spinal cord injury: A multicenter trial. Arch Phys Med Rehabil
2005, 86(4):672–680.
19. Benito-Penalva J, Edwards DJ, Opisso E, Cortes M, Lopez-Blazquez M, Murillo
N, Costa U, Tormos JM, Vidal-Samsó J, Valls-Solé J, Medina J: Gait training in
human spinal cord injury using electromechanical systems: Effect of
device type and patient characteristics. Arch Phys Med Rehabil 2012,
93(3):404–412.
20. van Nunen M: Recovery of walking ability using a robotic device. Universiteit
van Amsterdam: PhD thesis; 2013.
21. Hesse S, Werner C, Bardeleben A: Electromechanical gait training with
functional electrical stimulation: Case studies in spinal cord injury. Spinal
Cord 2004, 42(6):346–352.
22. Field-Fote EC, Roach KE: Influence of a locomotor training approach on
walking speed and distance in people with chronic spinal cord injury:
A randomized clinical trial. Physical therapy 2011, 91(1):48–60.
Fleerkotte et al. Journal of NeuroEngineering and Rehabilitation 2014, 11:26 Page 14 of 15
http://www.jneuroengrehab.com/content/11/1/2623. Nooijen CF, Ter Hoeve N, Field-Fote EC: Gait quality is improved by
locomotor training in individuals with SCI regardless of training
approach. J Neuroeng Rehabi 2009, 6(6):36.
24. Alcobendas-Maestro M, Esclarín-Ruz A, Casado-López RM, Muñoz-González A,
Pérez-Mateos G, González-Valdizán E, Martín JLR: Lokomat robotic-assisted versus
over-ground training within 3 to 6 months of incomplete spinal cord lesion:
Randomized controlled trial. Neurorehabil Neural Repair 2012, 26(9):1058–1063.
25. Hornby TG, Campbell DD, Zemon DH, Kahn JH: Clinical and quantitative
evaluation of robotic-assisted treadmill walking to retrain ambulation
after spinal cord injury. Top Spinal Cord Inj Rehabil 2005, 11:1–17.
26. Schwartz I, Sajina A, Neeb M, Fisher I, Katz-Luerer M, Meiner Z: Locomotor
training using a robotic device in patients with subacute spinal cord
injury. Spinal Cord 2011, 49(10):1062–1067.
27. Tefertiller C, Pharo B, Evans N, Winchester P: Efficacy of rehabilitation
robotics for walking training in neurological disorders: a review. J Rehabil
Res Dev 2011, 48(4):387.
28. Mehrholz J, Kugler J, Pohl M: Locomotor training for walking after spinal
cord injury. Spine 2008, 33(21):E768–E777.
29. Swinnen E, Duerinck S, Baeyens J-P, Meeusen R, Kerckhofs E: Effectiveness
of robot-assisted gait training in persons with spinal cord injury:
A systematic review. J Rehabil Med 2010, 42(6):520–526.
30. Reinkensmeyer DJ, Akoner OM, Ferris DP, Gordon KE: Slacking by the human
motor system: Computational models and implications for robotic orthoses.
Minnesota, USA: Proceedings IEEE Conf. Medicine and Biology Society; 2005.
31. Emken JL, Benitez R, Sideris A, Bobrow JE, Reinkensmeyer DJ: Motor
adaptation as a greedy optimization of error and effort. J Neurophys
2007, 97(6):3997–4006.
32. Israel JF, Campbell DD, Kahn JH, Hornby TG: Metabolic costs and muscle
activity patterns during robotic- and therapist-assisted treadmill walking
in individuals with incomplete spinal cord injury. Physical therapy 2006,
86(11):1466–1478.
33. Lotze M, Braun C, Birbaumer N, Anders S, Cohen LG: Motor learning
elicited by voluntary drive. Brain 2003, 126:866–872.
34. Kaelin-Lang A, Luft AR, Sawaki L, Burstein AH, Sohn YH, Cohen LG:
Modulation of human corticomotor excitability by somatosensory input.
J Neurophys 2002, 540:623–633.
35. Hidler JM, Wall AE: Alterations in muscle activation patterns during
robotic-assisted walking. Clin Biomech 2005, 20(2):184–193.
36. Hidler JM, Wisman W, Neckel N: Kinematic trajectories while walking
within the Lokomat robotic. Clin Biomech 2008, 23(10):1251–1259.
37. Emken JL, Reinkensmeyer DJ: Robot-enhanced motor learning:
Accelerating internal model formation during locomotion by transient
dynamic amplification. IEEE Trans Neural Syst Rehabil Eng 2005, 13(1):33.
38. Scheidt RA, Dingwell JB, Mussa-Ivaldi FA: Learning to move amid uncertainty.
J Neurophys 2001, 86(2):971–985.
39. Banala SK, Kim SH, Agrawal SK, Scholz JP: Robot assisted gait training with
active Leg exoskeleton (ALEX). IEEE Trans Neural Syst Rehabil Eng 2009, 17:2–8.
40. Duschau-Wicke A, Caprez A, Riener R: Patient-cooperative control
increases active participation of individuals with SCI during robot-aided
gait training. J Neuroeng Rehabil 2010, 7:43.
41. Emken JL, Harkema SJ, Beres-Jones JA, Ferreira CK, Reinkensmeyer DJ: Feasibility
of manual teach-and-replay and continuous impedance shaping for robotic
locomotor training following spinal cord injury. IEEE Trans Biomed Eng 2008,
55:322–334.
42. Koopman B, van Asseldonk EH, van der Kooij H: Selective control of gait
subtasks in robotic gait training: Foot clearance support in stroke
survivors with a powered exoskeleton. J Neuroeng Rehabil 2013, 10:3.
43. Aoyagi D, Ichinose WE, Harkema SJ, Reinkensmeyer DJ, Bobrow JE: A robot
and control algorithm that can synchronously assist in naturalistic
motion during body-weight-supported gait training following neurologic
injury. IEEE Trans Neural Syst Rehabil Eng 2007, 15(3):387–400.
44. Emken JL, Bobrow JE, Reinkensmeyer DJ: Robotic movement training as an
optimization problem: Designing a controller that assists only as needed.
Chigao, USA: Proceedings IEEE International Conference on Rehabilitation
Robotics: 28 June -1July 2005; 2005.
45. Riener R, Lunenburger L, Jezernik S, Anderschitz M, Colombo G, Dietz V:
Patient-cooperative strategies for robot-aided treadmill training: first
experimental results. IEEE Trans Neural Syst Rehabil Eng 2005, 13(3):380–394.
46. Duschau-Wicke A, Von Zitzewitz J, Caprez A, Lunenburger L, Riener R: Path
control: A method for patient-cooperative robot-aided gait rehabilitation.
IEEE Trans Neural Rehabil Syst Eng 2010, 18:38–48.47. Jezernik S, Colombo G, Morani M: Automatic Gait-pattern adaptation
algorithms for rehabilitation with a 4-DOF robotic orthosis. IEEE Trans
Robotics Auto 2004, 20(3):574–2004.
48. Cai LL, Fong AJ, Otoshi CK, Liang YQ, Cham JG, Zhong V, Roy RR, Edgerton
VR, Burdick JW: Effects of consistency vs. Variability in robotically controlled
training of stepping in adult spinal mice. Chicago, IL, USA: Proceedings. IEEE
9th Int. Conf. Rehabilitation. Robotics: 28 June - 1 July 2005; 2005.
49. Cai LL, Fong AJ, Otoshi CK, Liang YQ, Burdick JW, Roy RR, Edgerton VR:
Implications of assist-as-needed robotic step training after a complete
spinal cord injury on intrinsic strategies of motor learning. J Neurosci
2006, 26(41):10564–10568.
50. Ziegler MD, Zhong H, Roy RR, Edgerton VR: Why variability facilitates
spinal learning. J Neurosci 2010, 30(32):10720–10726.
51. Sale P, Franceschini M, Waldner A, Hesse S: Use of the robot-assisted gait
therapy in rehabilitation of patients with stroke and spinal cord injury.
Eur J Phys Rehabil Med 2012, 48:111–121.
52. Schück A, Labruyère R, Vallery H, Riener R, Duschau-Wicke A: Feasibility and
effects of patient-cooperative robot-aided gait training applied in a
4-week pilot trial. J Neuroeng Rehabil 2012, 9:31.
53. Veneman JF, Kruidhof R, Hekman EEG, Ekkelenkamp R, Van Asseldonk EHF,
Van der Kooij H: Design and evaluation of the LOPES exoskeleton robot
for interactive gait rehabilitation. IEEE Trans Neural Syst Rehabil Eng 2007,
15(3):379–386.
54. Koopman B, Van Asseldonk EHF, Van der Kooij H: Speed-dependent
reference joint trajectory generation for robotic gait support. J Biomech
2014. in press. [http://dx.doi.org/10.1016/j.jbiomech.2014.01.037].
55. Van Hedel HJA, Wirz M, Dietz V: Assessing walking ability in subjects with
spinal cord injury: validity and reliability of 3 walking tests. Arch Phys Med
Rehab 2005, 86(2):190–196.
56. Maynard FM, Bracken MB, Creasey G, Ditunno JF, Donovan WH, Ducker TB,
Garber SL, Marino RJ, Stover SL, Tator CH, Waters RL, Wilberger JE:
International standards for neurological and functional classification of
spinal cord injury. Spinal Cord 1997, 35:266–274.
57. Dean JC, Alexander NB, Kuo AD: The effect of lateral stabilization on
walking in young and old adults. IEEE Trans Biomed Eng 2007,
54(11):1919–1926.
58. Fawcett JW, Curt A, Steeves JD, Coleman WP, Tuszynski MH, Lammertse D,
Bartlett PF, Blight AR, Dietz V, Ditunno J, Dobkin BH, Havton LA, Ellaway PH,
Fehlings MG, Privat A, Grossman R, Guest JD, Kleitman N, Nakamura M,
Gaviria M, Short D: Guidelines for the conduct of clinical trials for spinal
cord injury as developed by the ICCP panel: spontaneous recovery after
spinal cord injury and statistical power needed for therapeutic clinical
trials. Spinal Cord 2007, 45(3):190–205.
59. Jackson AB, Carnel CT, Ditunno JF, Read MS, Boninger ML, Schmeler MR,
Williams SR, Donovan WH: Outcome measures for gait and ambulation in
the spinal cord injury population. J Spinal Cord Med 2008, 31(5):487–499.
60. Wirz M, Colombo G, Dietz V: Long term effects of locomotor training in
spinal humans. J Neurol Neurosurg Psych 2001, 71:93–96.
61. Hicks AL, Adams MM, Martin Ginis K, Giangregorio L, Latimer A, Phillips SM,
McCartney N: Long-term body-weight-supported treadmill training and
subsequent follow-up in persons with chronic SCI: effects on functional
walking ability and measures of subjective well-being. Spinal Cord 2005,
43(5):291–298.
62. Stoquart G, Detrembleur C, Lejeune T: Effect of speed on kinematic,
kinetic, electromyographic and energetic reference values during
treadmill walking. Neurophys Clin 2008, 38(2):105–116.
63. Helbostad JL, Moe-Nilssen R: The effect of gait speed on lateral balance
control during walking in healthy elderly. Gait Posture 2003, 18(2):27–36.
64. Lelas JL, Merriman GJ, Riley PO, Kerrigan DC: Predicting peak kinematic
and kinetic parameters from gait speed. Gait Posture 2003, 17(2):106–112.
65. Harkema SJ, Hurley SL, Patel UK, Requejo PS, Dobkin BH, Edgerton VR:
Human lumbosacral spinal cord interprets loading during stepping.
J Neurophys 1997, 77(2):797–811.
66. Guadagnoli MA, Lee T: Challenge point: A framework for conceptualizing
the effects of various practice conditions in motor learning. J Motor
Behavior 2004, 36(2):212–224.
67. Dobkin BH: Progressive staging of pilot studies to improve phase III trials
for motor interventions. Neurorehabil Neural Repair 2009, 23(3):197–206.
68. Perera S, Mody SH, Woodman RC, Studenski SA: Meaningful change and
responsiveness in common physical performance measures in older
adults. J Am Ger Soc 2006, 54(4):743–749.
Fleerkotte et al. Journal of NeuroEngineering and Rehabilitation 2014, 11:26 Page 15 of 15
http://www.jneuroengrehab.com/content/11/1/2669. Harkema SJ, Schmidt-Read M, Lorenz DJ, Edgerton VR, Behrman AL: Balance
and ambulation improvements in individuals with chronic incomplete
spinal cord injury using locomotor training-based rehabilitation. Arch
Phys Med Rehabil 2012, 93(9):1508–1517.
70. Winchester P, Smith P, Foreman N, Mosby JM, Pacheco J, Querry R, Tansey
K: A prediction model for determining over ground walking speed after
locomotor training in persons with motor incomplete spinal cord injury.
J Spinal Cord Med 2009, 32:63–71.
71. Van Middendorp JJ, Hosman AJF, Donders ART, Pouw MH, Ditunno JF, Curt
A, Geurts ACH, Van de Meent H: A clinical prediction rule for ambulation
outcomes after traumatic spinal cord injury: a longitudinal cohort study.
Lancet 2011, 377:1004–1010.
72. Ditunno JF, Barbeau H, Dobkin BH, Elashoff R, Harkema S, Marino RJ, Hauck
WW, Apple D, Basso DM, Behrman A, Deforge D, Fugate L, Saulino M, Scott
M, Chung J: Validity of the walking scale for spinal cord injury and other
domains of function in a multicenter clinical trial. Neurorehabil Neural
Repair 2007, 21(6):539–550.
73. Oleson CV, Burns AS, Ditunno JF, Geisler FH, Coleman WP: Prognostic value
of pinprick preservation in motor complete, sensory incomplete spinal
cord injury. Arch Phys Med Rehabil 2005, 86(5):988–992.
74. Van Hedel HJA: Gait speed in relation to categories of functional
ambulation after spinal cord injury. Neurorehabil Neural Repair 2009,
23(4):343–350.
doi:10.1186/1743-0003-11-26
Cite this article as: Fleerkotte et al.: The effect of impedance-controlled
robotic gait training on walking ability and quality in individuals with
chronic incomplete spinal cord injury: an explorative study. Journal of
NeuroEngineering and Rehabilitation 2014 11:26.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
